1. Introduction {#sec1}
===============

Chitosan is one of the most interesting biopolymer for application of alternative food packaging material because of its biodegradability, biocompatibility, antimicrobial properties and non-toxicity \[[@bib1], [@bib2], [@bib3], [@bib4]\]. However, chitosan has low water resistance, poor mechanical and thermal properties limiting its usage in functional films. Theses disadvantages of chitosan are attributed to the hydrophilic nature of chitosan \[[@bib5], [@bib6]\]. A commonly used method to improve the mechanical and barrier properties of chitosan is by the addition of nanoscale reinforcements into chitosan chains \[[@bib7], [@bib8], [@bib9], [@bib10], [@bib11]\]. Montmorillonite clay has been widely used as an effective reinforcement in polymer/clay nanocomposites due to consisted of the several silicate layers, high aspect ratio and strong interaction with polymer matrix \[[@bib12], [@bib13], [@bib14], [@bib15]\].

Many studies on chitosan/montmorillonite clay nanocomposites have been reported previously \[[@bib6], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20]\]. It has been demonstrated that the tensile strength of chitosan/clay was increased significantly with increasing the clay loading \[[@bib6], [@bib20], [@bib21], [@bib22]\]. In addition, the thermal stability of chitosan/clay was increased with increase in the clay loading \[[@bib6], [@bib16], [@bib24], [@bib25]\]. Eventhough the presence of clay improves strength and thermal stability of chitosan but the ductility and toughness are drastically decreased. Therefore, the improvement of toughness of chitosan/clay nanocomposites should be done. A usual method for increasing the toughness of chitosan/clay nanocomposites films is by the addition of plasticizers such as poly (vinylalcohol) (PVA) [@bib4], glycerol \[[@bib7], [@bib23]\], oleic acid [@bib26], and ionic liquid [@bib27]. Besides mechanical properties, another important property for food packaging application of chitosan nanocomposite films is the antimicrobial activity behavior. Study on the antimicrobial activity of chitosan nanocomposite films with different reinforcement materials have been demonstrated by some previous researchers. Wu et al. [@bib28] reported that novel chitosan films with laponite immobilized Ag nanoparticles for active food packaging was successfully synthesized, showed good antimicrobial activity and effectively extended the storage life of litchi as a packaging. Deng et al. [@bib29] investigated quaternized chitosan-layered silicate intercalated composites based nanofibrous mats and the results showed that the antibacterial activity of the electrospun mats was enhanced when the amount of the layered silicates increased. Another application of chitosan/layered silicate composites is for as efficient absorbents for double-Stranded DNA as reported by Li et al. [@bib30]. Chai et al. [@bib31] prepared the copper-chelate quaternized carboxymethylchitosan/organic rectorite nanocomposites for algae inhibition. They reported that the thermal stability and algae inhibition activity of copper-chelate quaternized carboxymethylchitosan/organic rectorite nanocomposites were improved significiantly. Another application of chitosan/layered silicates films is for heavy metal removal. Xin et al. [@bib32] prepared the novel use of bio-electrosprayingtechnique to immobilize S. cerevisiae onto poly (Ɛ-caprolactone)/chitosan/layered silicates ternary composites based nanofibrous mats mats and successfully developed reusable and cost-effective mats for heavy metal removal. Tu et al. [@bib33] developed chitosan/cellulose composites as dye adsorbents with highly cost-effective, high-strength hydrogels, and biodegradable. Although several papers on chitosan/clay nanocomposites films have well been documented, there are still limited studies of the combined effect of both clay and glycerol on the mechanical properties of chitosan/clay nanocomposites. Most previous studies were done using sodium montmorillonite (NaMMT) clay for the chitosan/clay nanocomposites films and organically modified montmorillonite clay was still limited to be used.

The aim of this study is to elaborate the effects of the organically modified montmorillonite clay and glycerol addition on the thermal stability, mechanical, water sorption and antimicrobial activity properties of chitosan/clay nanocomposites. Chitosan/clay nanocomposites were prepared by mixing the different clay (0, 5, 10, 15 wt%) and with and without glycerol (10, 20, and 30 wt%). The structure of nanocomposites was characterized using X-ray diffraction (XRD). The mechanical properties were studied through the tensile test to find the tensile strength, elastic modulus, and elongation at break. The thermal stability was evaluated using thermogravimetric analysis. The water sorption behavior and antimicrobial activity were also investigated.

2. Experimental {#sec2}
===============

2.1. Materials {#sec2.1}
--------------

High molecular weight chitosan (CS) in powder form (310--375 kDa, with viscosity of 800--2000 cP, 1 wt. % in 1% acetic acid 25 °C with a deacetylation degree greater than 75%) was purchased from Sigma-Aldrich, Singapore. Glacial acetic acid was brought from Sigma Aldrich, Singapore to produce acetic acid solutions. Glycerol used as plasticizer was purchased from Sigma-Aldrich, Singapore. Montmorillonite (MMT) clay (Nanomer I.28E) used in this work was montmorillonite clay modified by quaternary trimethylstearylammonium ions having an approximate aspect ratio of 75--120 μm, purchased from Nanocor Co., USA.

2.2. Preparation of chitosan/clay nanocomposites {#sec2.2}
------------------------------------------------

Chitosan solution was prepared by dissolving 2 g of CS powder in 100 ml of aqueous acetic acid solution (1%, v/v), using a magnetic stirring plate at 90 °C and 150rpm for 1 hours and then cooled to room temperature. Chitosan nanocomposite films were obtained by dispersing selected amounts of clay (0, 5, 10, and 15% (wt/wt) on solid CS) in 100 ml of 1% (v/v) aqueous acetic acid solution for 2 h at room temperature. This dispersion was added to the CS solution and stirred for 1 h at room temperature. The dispersion was then poured onto glass discs (diameter = 14 cm) and dried at ambient conditions for 3 days, until the water was completely evaporated. Chitosan solution and its nanocomposite then were plasticized with the addition of glycerol (10, 20, and 30 wt%) on solid CS and the stirred for 2 hours at 60 °C. The sample designation and amounts of chitosan, clay, and glycerol used for each sample were summarized in [Table 1](#tbl1){ref-type="table"}.Table 1Sample designation and composition.Table 1SampleCompositionParts (wt%)C/0ClChitosan/clay100/0C/5ClChitosan/clay95/5C/10ClChitosan/clay90/10C/15ClChitosan/clay85/15C/5Cl/10GlChitosan/clay/glycerol85/5/10C/5Cl/20GlChitosan/clay/glycerol75/5/20C/5Cl/30GlChitosan/clay/glycerol65/5/30

2.3. X-ray diffraction (XRD) analysis {#sec2.3}
-------------------------------------

The X-ray diffraction analysis of the clay and chitosan nanocomposites films was performed in reflection mode using X-ray diffractometer (micromeritics ASAP 2020) at a scan rate of 3°/min in a 2θ range of 0--40° and operated at 40 kV and 50 mA.

2.4. Fourier transform ifra-red (FT-IR) spectra analysis {#sec2.4}
--------------------------------------------------------

FI-IR spectra of pure chitosan and its nanocomposites with and without glycerol films were done in transmission mode by using a FT-IR spectrophotometer in the range of 4000-400 cm^−1^ at a resolution of 4 cm^−1^.

2.5. Thermal stability {#sec2.5}
----------------------

Thermal degradation processes of pure chitosan and its nanocomposite films were investigated using thermogravimetry analysis (TGA) (Perkin Elmer) in the range temperature of 30--800 °C at heating rate of 10 °C/min in nitrogen.

2.6. Tensile measurements {#sec2.6}
-------------------------

Tensile tests were performed according to ASTM D638 type IV using universal testing machine at a crosshead speed of 5 mm/min. Tensile strength, elastic modulus, and elongation at break were determined.

2.7. Water sorption behavior {#sec2.7}
----------------------------

Chitosan films were cut in small pieces (1.2 cm × 1.2 cm), desiccated overnight under vacuum and weighed to determine their dry mass. The weighed films were placed in closed beakers containing 30 ml of water and stored at the room temperature. The swelling kinetic was evaluated by periodically measuring the weight increment of the samples with respect to dry films with a balance accurate to 0.001 g, after gently bottling the surface with a tissue, until equilibrium was reached. The water gain (W.G.) was calculated as follows:$$W.G{(\%)} = \frac{m_{wet\mspace{9mu} film} - m_{dryfilm}}{m_{dryfilm}} \times 100\%$$where *m*~*wet\ film*~ and *m*~*dry\ flm*~ are the weight of the wet and dry film, respectively.

2.8. Antimicrobial activity {#sec2.8}
---------------------------

The antimicrobial activity of the pure chitosan and its nanocomposite films was evaluated using the solid diffusion method. The representative food pathogenic bacterium (Escherichia coli) was used for testing the antimicrobial activity. The solutions of the pure chitosan and the nanocomposite films were prepared in acetat buffer at concentration of 1% (w/v). The cells of Escherichia coli were cultivated on nutrient agar and incubated at 37 °C for 24 hours. The test samples were systematically diluted from 0.1% (w/v), 0.05% (w/v), 0.025% (w/v), and 0.0125% (w/v) to determine the minimum inhibition concentration (MIC) values.

3. Results and discussion {#sec3}
=========================

3.1. XRD analysis {#sec3.1}
-----------------

[Fig. 1](#fig1){ref-type="fig"} presents the XRD pattern of clay. The XRD pattern of clay shows a characteristic (001) diffraction peak at 2θ = 3.48°, which corresponds to a basal spacing of 2.48 nm. The broad peak observed at 5.56° is attributed to the unmodified montmorillonite that the inorganic cations of clay were not fully replaced by organic ions [@bib34]. The XRD patterns of the chitosan nanocomposites films containing 5 wt% of clay with and without glycerol are shown in [Fig. 2](#fig2){ref-type="fig"}. The characteristic peak of clay can be observed in the chitosan/clay nanocomposite film with and without glycerol (Figs. [2](#fig2){ref-type="fig"}a and 2b). These indicate that the intercalated structure and or clay agglomeration are found in these chitosan nanocomposites films.Fig. 1XRD pattern of clay.Fig. 1Fig. 2XRD patterns of chitosan/clay nanocomposites film with: a. 5% wt of clay. b. 5% wt of clay and 20% wt of glycerol.Fig. 2

3.2. FT-IR analysis {#sec3.2}
-------------------

[Fig. 3](#fig3){ref-type="fig"} shows the FT-IR spectra of pure chitosan film, chitosan nanocomposite film containing 5 wt% of clay and chitosan nanocomposite film containing 5 wt% of clay and 20 wt% of glycerol. From [Fig. 3](#fig3){ref-type="fig"}, it can be seen that all samples show the same scpectra. The absorption peaks at 3425 cm^−1^ corresponds to the stretching vibration of N--H while peaks at 2924 and 2877 cm^−1^ are assigned to the typical of C--H stretching vibration in --CH~2~ and --CH~3~ of chitosan, respectively. In addition, the peak at 1651 cm^−1^ corresponds to C=O strechting (amide I), the peak at 1566 cm^−1^ is assigned to N--H bending (amide II), the peak at 1319 cm^−1^ is assigned to C--N stretching (amide III) and the peak at 1072 cm^−1^ is assigned to Si--O bond of chitosan [@bib3]. In the spectra of chitosan nanocomposites films with and without glycerol ([Figure 3](#fig3){ref-type="fig"}b and c), the peak at 1034 cm^−1^ is attributed to the Si--O--Si vibration of clay indicating the presence of clay in the nanocomposites films. The peak at 1034 cm^−1^ is not observed in the spectra of pure chitosan.Fig. 3FT-IR spectra of: a. Pure chitosan. b. Chitosan nanocomposite film with 5 wt% of clay. c. Chitosan nanocomposite film with 5 wt% of clay and 20 wt% of glycerol.Fig. 3

3.3. Thermal stability {#sec3.3}
----------------------

The thermal stability of pure chitosan and its nanocomposites film containing 5 wt% of clay with and without 20 wt% of glycerol were evaluated by TGA analysis as shown in [Fig. 4](#fig4){ref-type="fig"}. It can be seen that all samples present a weight loss in two stages. The first stage (30--150 °C) is related to the evaporation of absorbed water in the chitosan. The second stage (200--365 °C) is attributed to the chemical degradation and deacetylation of chitosan \[[@bib35], [@bib36]\]. From the thermogravimetric analysis, the temperature at which thermal degradation causes a loss of 20% is determined. The increased thermal stability can be observed for the chitosan/clay nanocomposites with and without glycerol (Figs. [4](#fig4){ref-type="fig"}b and 4c). The degradation temperature of chitosan is improved about 4 °C and 10 °C by the presence of 5 wt% of clay. This means that the chitosan/clay nanocomposites with and without glycerol exhibited better thermal stability than the pure chitosan. The improved thermal stability may be attributed to the strong interaction between the chitosan and clay [@bib37]. The nano layer silicates of clay with high aspect ratio acted as barriers may strongly inhibit the volatility of the decomposed products obtained from pyrolysis and limit the continuous decomposition of chitosan [@bib38]. Furthermore, the higher increased degradation temperature about 10 °C is also obtained by the addition of glycerol plasticizer ([Fig. 4](#fig4){ref-type="fig"}c). This is attributed to the formation of the cross-link network induced by the hydrogen bonds between the chitosan and glycerol and also to an improved intercalation of chitosan molecules into the silicate galleries of clay [@bib8].Fig. 4TGA curves of: a. Pure chitosan. b. Chitosan nanocomposite film with 5 wt% of clay. c. Chitosan nanocomposite film with 5 wt% of clay and 20 wt% of glycerol.Fig. 4

3.4. Tensile properties {#sec3.4}
-----------------------

[Fig. 5](#fig5){ref-type="fig"} shows the effect of clay loading on the tensile strength of chitosan/clay nanocomposites. It can be seen that the addition of 5 wt% of clay increased significantly the tensile strength of chitosan but drastically decreased with further clay addition. The highest value in tensile strength was obtained at the clay content of 5 wt%. This improvement may be attributed to the formation of intercalated structure as confirmed by XRD patterns ([Fig. 2](#fig2){ref-type="fig"}b). In addition, highest tensile strength at the clay content of 5 wt% may be due to more efficient stress transfer between the adjacent chitosan chains due to strong electrostatic bonding the --NH~2~ and --NH~3~ groups. The enhancement in mechanical properties of polymer/clay nanocomposites may be mainly attributed to the homogenous dispersion of high rigid clay particles with high aspect ratio in the polymer matrix, and subsequently resulting in ultra-high interfacial adhesiom and ionic bonds between clay and polymer matrix [@bib21]. On the other hand, the tensile strength was drastically reduced by the presence of clay more than 5 wt%. The some agglomerates of clay within the chitosan matrix induced local stress concentration were believed to be responsible for the decrease in tensile strength.Fig. 5Tensile strength of chitosan/clay nanocomposites films as a function of clay content.Fig. 5

The tensile modulus as a function of clay loading of the chitosan/clay nanocomposites films is shown in [Fig. 6](#fig6){ref-type="fig"}. It can be seen that the elastic modulus of chitosan was increased with the presence of clay 5 wt% and however decreased with increasing clay content. A similar behavior to that of the tensile strength was observed. The highest elastic modulus was found for 5 wt% of clay content where the elastic modulus was improved by 87%. The improvement in elastic modulus for the clay loading of 5 wt % may be related to reinforcing effect of silicate layers of clay, its high aspect ratio and surface area, good dispersion of clay layers throughout the chitosan matrix, as well as strong interaction between chitosan matrix and silicate layers via the formation of hydrogen bonds [@bib39]. At 15 wt% of clay content, the reduction in elastic modulus may be due to some agglomeration of clay particles within the chitosan matrix.^21^ The mechanical properties as a function of clay loading have been reported in various biopolymer-based nanocomposites films such as stracth \[[@bib40], [@bib41]\], chitosan [@bib6], and agar [@bib42].Fig. 6Tensile modulus of chitosan/clay nanocomposites films as a function of clay content.Fig. 6

[Fig. 7](#fig7){ref-type="fig"} displays the effect of clay loading on the elongation at break of chitosan/clay nanocomposites films. As it can be observed that the elongation at break of chitosan was decreased drastically by the addition of clay. It indicates that ductility of chitosan was decreased by the presence of clay. This may be attributed to the restricted mobility of chitosan chains by the presence of high rigid clay particle and finally results in the reduced ductility. From [Fig. 7](#fig7){ref-type="fig"}, it can also be seen that the elongation at break of chitosan/clay nanocomposites films unchanged with increasing clay content. These findings are good agreement with the previously reported results where the presence of clay in the chitosan matrix leads to a reduction in ductility [@bib42].Fig. 7Elongation at break of chitosan/clay nanocomposites films as a function of clay content.Fig. 7

[Fig. 8](#fig8){ref-type="fig"} depicts the effect of glycerol addition on tensile strength of chitosan/clay nanocomposites films. It can be seen that the addition of glycerol reduced the tensile strength of chitosan/clay nanocomposites. This is attributed to less hydrogen bonding formed between --OH and --NH~2~ of chitosan and --OH groups of glycerol that results in phase separated systems [@bib42]. Therefore, the glycerol plays as plasticizer resulting in a pronounced reduction in tensile strength. Furthermore, the tensile modulus as a function of glycerol loading is displays in [Fig. 9](#fig9){ref-type="fig"}. The addition of 10 wt% of glycerol leads to an increase in tensile modulus of chitosan/clay nanocomposite films but decreases with increasing the glycerol content. The improved dispersion of clay for 10 wt% of glycerol is believed to be responsible for highet tensile modulus. However, the presence of glycerol above 10 wt% results in reduction in tensile modulus. The plasticizing effect of gycerol may play more dominant at higher content of glycerol. [Fig. 10](#fig10){ref-type="fig"} demonstrates the effect of glycerol addition on the elongation at break of the chitosan/clay nanocomposite films. The elongation at break of chitosan/clay/glycerol film nanocomposites is much lower than that of pure chitosan. This means that the chitosan/clay/glycerol film nanocomposites are very brittle. The plasticizing effect was not found as expected where the addition of 10 wt% of glycerol decreased the elongation at break. Moreover, the ductility was unchanged by the presence of 20 wt% of glycerol. It can be concluded that the introduction of glycerol into the chitosan/clay nanocomposite film has no effect significantly. This may be attributed to more dominant role of rigid particle of clay compared to the presence of glycerol.Fig. 8Tensile strength of chitosan/clay/glycrol nanocomposites films as a function of glycerol content.Fig. 8Fig. 9Tensile modulus of chitosan/clay/glycrol nanocomposites films as a function of glycerol content.Fig. 9Fig. 10Elongation at break of chitosan/clay/glycrol nanocomposites films as a function of glycerol content.Fig. 10

3.5. Water sorption {#sec3.5}
-------------------

[Fig. 11](#fig11){ref-type="fig"} shows the percentage water gains as a function of immersion time for the pure chitosan and its nanocomposite films containing different clay loading. An initial linear relationship between water gain and immersion time was observed in each case, followed by saturation. This indicates that the water absorption behavior of nanocomposites obeyed Fick\'s law. From [Fig. 11](#fig11){ref-type="fig"}, it can also be observed that the lowest water sorption was found in the chitosan/clay nanocomposite film containing 5 wt% of clay. This may be attributed to the best dispersion of clay in the chitosan matrix as shown in XRD results. This result is in line with the tensile results where the highest tensile strength was found at 5 wt% of clay ([Fig. 5](#fig5){ref-type="fig"}). The silicate layers of clay dispersed in the nanometer in a polymer matrix can create a tortuous pathway for water molecules to diffuse into the composites [@bib43]. According to previous reserachers [@bib44], the speed of moisture absorption in the polyamide 6/clay nanocomposites was reduced with increasing amounts of exfoliated silicate, due to barrier properties. Because of the high aspect ratio and large surface area of the exfoliated silicate layers, the silicate layers acted as efficient barriers against transport through the material. However, the addition of 10 and 15 wt% of clay into the pure chitosan leads to increase in the water gain. This may be related to the lowered dispersion of clay and or agglomeration of clay resulting in the decrease in the tortuosity effect.Fig. 11Water sorption curves of pure chitosan and its nanocomposite films with different clay content.Fig. 11

The water sorption curves of the chitosan/clay nanocomposite films containing different glycerol content are shown in [Fig. 12](#fig12){ref-type="fig"}. It is very interesting to note that the addition of glycerol up to 20 wt% reduces the water sorption. This may be related to the interaction between hydroxyl groups of glycerol and the functional groups of chitosan to form a network which does not allow water to further interact with the polar groups of chitosan and prevents the water molecules penetrating into the films [@bib26]. However, the presence of 30 wt% of glycerol increases the water sorption. This may be attributed to higher hydrophilic molecules with the presence of 30 wt% of glycerol.Fig. 12Water sorption curves of pure chitosan and its nanocomposite films with different glycerol content.Fig. 12

3.6. Antimicrobial activity {#sec3.6}
---------------------------

The antimicrobial activity of pure chitosan and chitosan/clay nanocomposite film has been tested against pathogenic Escherichia coli. The disc agar diffusion method was selected to perform the antimicrobial activity test. The agar diffusion method is a commonly method used to examine antimicrobial activity regarding the diffusion of the compound tested through water-containing agar plate. The inhibitory activity was measured based on the presence or not of the clear inhibition zone. In order to evaluate the effect of the addition of clay on the antimicrobial properties of chitosan, film with 5 wt% of clay was selected. The antimicrobial activity of pure chitosan and chitosan/clay film containing 5wt% of clay are presented in [Figure 13](#fig13){ref-type="fig"}a and b, respectively. It can be seen that the the absence of clear inhibition zone was observed in both pure chitosan and chitosan films containing clay. This indicates that there is no inhibitory effect shown by pure chitosan and chitosan nanocomposite film containing clay. This can be concluded that the chitosan/clay nanocomposites film can be a potential application of biodegradable food packaging films. The absence of inhibition zone on chitosan based films containing sodium montmorillonite (Na-MMT) clay was also reported by previous researchers [@bib26].Fig. 13Antimicrobial activity of pure chitosan (a) and chitosan/clay nanocomposite film (b) against Escherichia coli.Fig. 13

4. Conclusion {#sec4}
=============

Chitosan-based nanocomposites at different clay contents, with and without glycerol as plasticizer, were successfully produced by solution casting. The interacalaed structures were observed in the chitosan/clay/glycerol nanocomposites film. It was found that the addition of clay significantly increased the strength and stiffness of neat chitosan films. The presence of glycerol above 10 wt% into the chitosan decreased drastically the stiffness and had no effect on the ductility. The combined use of clay and glycerol produced the highest values in strength and stiffness of the chitosan/clay/glycerol nanocomposites with 5 wt% of clay and 20 wt% of glycerol. However, the ductility of chitosan was drastically decreased by the introduction of clay and glycerol. The presence of glycerol led to the improved intercalation of chitosan chains into the galleries of silicate layers of clay. The enhanced thermal stability of the chitosan was obtained by the addition of both clay and glycerol. Chitosan nanocomposite film containing clay may be an alternative promising material as a packaging film.
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